Hot gas path components of current generation, liquid fuel rocket engine turbopumps (T/P) are exposed to severe thermal shock, extremely high heat fluxes, corrosive atmospheres and erosive flows. These conditions, combined with high operating stresses, are severely degradative to conventional materials. Advanced turbomachinery (T/M) applications will impose harsher demands on the turbine materials. These demands include higher turbine inlet temperature for improved performance and efficiency, lighter weight for improved thrust-to-weight ratio, and longer life for reduced maintenance of re-usable engines.
Conventional materials are not expected to meet these demands, and fiber-reinforced ceramic matrix composites (FRCMC) have been identified as candidate materials for these applications. This paper summarizes rocket engine T/M needs, reviews the properties and capabilities of FRCMC, identifies candidate FRCMC materials and assesses their potential benefits, and summarizes the status of FRCMC component development with respect to advanced liquid fuel rocket engine T/M applications. 
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INTRODUCTION
Use of high temperature capability, low density ceramics and ceramic composites has been considered for a range of potential turbine engine applications. Utilization of these materials within rocket engine turbines presents a special set of challenges and requires development of materials tailored to meet these challenges. The following review summarizes the operating requirements posed by current and future generation liquid fuel rocket engines, evaluates the feasibility and assesses the potential of using FRCMC in rocket engine T/M, and summarizes the status of ongoing programs for development of FRCMC T/M components.
Rocket EngineT/M Versus Conventional T/M
Liquid fuel rocket engine T/M components face a unique operating environment (Table 1 ) and, consequently, are fabricated from specialized materials (Chandler, 1983) . The materials currently in use for rocket engine applications have, in general, been developed by modifying materials originally developed for aircraft turbines (Fritzemeier and Brockmeyer, 1990) . For hot gas path applications, superalloys have typically been used. Superalloys have demonstrated long term durability in the aircraft environment; but, due to the severity of the rocket engine thermal/mechanical environment and due to the corrosive nature of the rocket engine propellants, useful lifetimes of even the most advanced superalloys are extremely limited in rocket engine applications. 
SSME Materials and Requirements
The Space Shuttle Main Engine (SSME) provides an example of current materials usage and limitations in advanced rocket engine T/M. The SSME is a highly advanced, liquid oxygen/liquid hydrogen (LOX/LH2) propelled, re-usable rocket engine. Three SSME are used to propel the Space Shuttle into orbit. Systems of the SSME (such as the high-pressure fuel turbopump, HPFTP) are confronted by temperatures ranging from the cryogenic temperatures (-253°C) of the liquid hydrogen fuel to the 3300°C temperatures reached within the main combustion chamber. Selected parts (such as the turbine blades) are exposed to thermal transients of approximately 1000°C occurring in as little as 0.1 second (as shown schematically in Fig. 1 ). The operating environment within the turbines consists of hydrogen-rich steam. Combined with the severe operating environment, the SSME requires re-usability and extended life versus conventional, "one-shot" rocket engines. This results in needs for materials with improved low cycle and high cycle fatigue properties and improved creep and stress rupture resistance.
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Fig. 1 SSME Thermal Transients Reduce Materials Lifetimes
To meet these extreme operating requirements, highly specialized materials were selected and have been used for SSME components. For example, the turbine blades are made of MAR-M246 DS(Hf) alloy (a hafnium modified, directionally solidified superalloy produced by Martin-Marietta Corp.) which was the premier alloy for this application when selected in 1972. The turbine disk is made of Waspalloy(TM) (Waspalloy is a trademark of United Technologies Corp.) with a gold coating which provides protection from hydrogen embrittlement. The extreme operating conditions of the SSME result in degradation of even these highly specialized materials during the nominal design life of 7.5 hours and 55 starts. Future generation rocket engines, with requirements for longer life, higher performance and reduced weight, will demand development of advanced materials that exceed the capabilities of existing superalloys.
Next Generation Rocket Engine Material Needs
Extending the capabilities of superalloys presents only modest potential for extending the operating envelope of advanced rocket engines (Fig. 2) (Brockmeyer and Schnittgrund, 1990) . Ceramics and FRCMC provide an alternative to "conventional" superalloys. Engineering ceramics typically combine low density and high specific strength with high operating temperature capability and resistance to corrosive and erosive environments. Unfortunately, monolithic ceramics are subject to brittle, catastrophic failure. FRCMC combine the desirable traits of monolithic ceramics with a "graceful" failure mode and, as a result, present considerable potential for future rocket engine use. Meeting the needs of future generation rocket engines with FRCMC will require continuing development of these emerging materials, and such development is being continued in current programs. 
ROCKET ENGINE FUNDAMENTALS
Understanding the needs for advanced materials and their potential benefits requires an understanding of the basic principles of rocket engines and specific engine cycles. These are reviewed briefly below.
Engine Types and Cycles
Rocket engines are classified as either solid fuel or liquid fuel types. Liquid fuel engines offer the advantages of higher efficiency (typically characterized as specific impulse, Isp, which is a measure of thrust divided by the exhaust nozzle flow), throttleability and restart capability. These advantages come at the expense of greater complexity, as indicated by the number of components which comprise a pump-fed liquid fuel rocket engine (Fig.  3 ). Liquid propellants are used for both earth-to-orbit and space-based engines. The liquid propellants can be fed to the combustion system either by pressure feed or by pump feed systems. For high performance, long duration operation without requiring thick-walled, heavy propellant tanks, pumps are preferred over pressurized tanks to feed the propellants. Centrifugal pumps driven by axial turbines (T/P) are often used for this. In spite of the relative complexity of these pumps, they have demonstrated acceptable reliability and provide high performance with minimum weight and a high level of design flexibility. For pump driven rocket engines, a number of engine cycles (including combined cycles) have been successfully used (Martinez, 1991) . For reference, the gas generator cycle is shown in Fig. 4 . Each of these cycles offers trades in performance, reliability, weight and packaging (envelope size), and each would realize specific benefits from the use of advanced materials. Several representative cycles are discussed below with emphasis on the relationship between the turbine flow and the rocket engine flow.
Fig. 4 The Gas Generator Propulsion Cycle
Among the cycles used in rocket engines are staged combustion, gas generator and expander cycles. In the staged combustion cycle (used for the SSME), the turbine flow is in series with the thrust chamber flow. The turbine flow is completely expanded in the exhaust nozzle which, combined with other factors in the system, results in high performance. This cycle requires high pump discharge pressures and presents severe demands for T/M materials. As a result, the T/M materials are highly stressed (thermally and mechanically) and require high levels of maintenance.
In the gas generator cycle (Fig. 4) , the turbine flow is in parallel with the rocket engine flow. Performance is generally lower than that achieved in the staged combustion cycle. Pump pressures are lower, and demands on the T/M materials are typically less severe than those of the staged combustion cycle. The gas generator cycle is the most common cycle and dates back nearly 50 years; consequently, gas generator technology is relatively more mature than that of other cycles.
In the expander cycle, the turbine flow and thrust chamber flow are in series. The turbine propellant is heated by its use as the exhaust nozzle coolant. Turbine inlet temperature is generally lower than that of either the staged combustion or the gas generator cycle. Since the turbine flow is fully expanded in the exhaust nozzle, this cycle tends to be more efficient than the gas generator cycle. Benefits of Advanced Materials Potential benefits of using advanced materials, including FRCMC, in future generation rocket engines include reduced component weight, increased component lifetimes with reduced maintenance, and higher operating temperature with improved performance. For typical current generation engines, with hot section components fabricated from superalloys, one-for-one substitution of FRCMC would result in significant weight savings based on the density of FRCMC being about one-third that of the superalloys. However, consideration must be given to fabrication issues, to load bearing ability, to joining, etc., such that direct substitution is not likely (or even desirable), and determination of actual weight benefits must be made with respect to detailed component and, ultimately, system designs.
The data base for advanced materials, such as FRCMC, is limited in scope. Life-related properties data (e.g., creep, fatigue and stress rupture data), especially with respect to the rocket engine environment, are particularly limited in extent. Also, constitutive models for FRCMC life in the environment are not available. Thus, assessments of component life and predictions of savings through reduced maintenance cannot be accurately made. Such savings, which could be of tremendous magnitude, are feasible based on anticipated improvements in margin at the operating temperature, but further data are needed to quantify these benefits. The most readily quantified benefit, in the near term, is that related to increased operating temperature. This has been shown to be particularly beneficial for gas generator cycle engines (Table 2) and is discussed in detail in a following section (FRCMC CAPABILITIES -Benefits Assessment). (1) sustained operation in the corrosive combustion environment. For typical gas generator applications, hot gas path components are exposed to hydrogen-rich steam at the turbine inlet temperature.
PERFORMANCE INCREASES AT VACUUM FOR TURBINE
Storable propellant environments (such as nitrogen tetroxide (NTO) and monomethylhydrazine (MMH)) are also highly corrosive.
(2) high operating temperatures ranging from 870°C for current applications to 1200°C (or above) for anticipated advanced applications.
(3) high mean and alternating stresses. The rotating components, in particular, are exposed to high sustained stresses, including bore stresses and blade tip stresses, during operation, and the blades are exposed to high alternating stresses as they rotate past the nozzle vanes with the result that high cycle fatigue (to 10 9 cycles) is also a significant factor.
(4) possible erosion by the flowing gas stream.
(5) severe low cycle fatigue, especially thermal fatigue, resulting from the start/stop transients.
(6) combinations of the above conditions which could cause substantially greater degradation than that predicted based on the effects of discrete exposures to the individual operating conditions. For example, cyclic fatigue within the rocket engine environment would alternately open and close matrix microcracks present in FRCMC components, exposing the supporting fibers to the environment. This could degrade the fibers more rapidly than would be predicted based on the effects of static environmental exposures combined with fatigue effects predicted from inert environment tests.
Materials capable of enduring these conditions must also be fabricable into the complex geometries necessary for rocket engine components. Further consideration must additionally be given to joining and attachment to other components in the system and to compatibility with other component materials.
Candidate FRCMC Materials
Components of a rocket engine T/P (Table 3 ) face a broad range of requirements which cannot be met by a single material. As discussed above, FRCMC offer particular advantages for hot gas path components (such as the turbine stator and rotor), and the selection of candidate FRCMC materials was based primarily on their high temperature capability. For high temperature application, a number of FRCMC materials systems were identified and evaluated (Table 4) . Initially, the fiber/matrix systems identified in Table 4 were screened using the criteria indicated. Based upon this initial screening, four systems were identified with near term potential for T/P application, and these systems were studied in more detail. Of the 4 candidate systems, it was determined that the mechanical properties data base was too limited for SiC/Si3N4; and, due to this relatively low level of maturity, this system was not considered further for near term use. Key properties of the remaining candidates are summarized in Table 5 Due to its poor environmental stability and the associated need for protective coatings (which have not been effectively demonstrated for prolonged rocket engine use), C/C was also not considered to be a primary candidate. Consequently, the principal FRCMC materials considered for near term rocket engine applications are C/SiC and SiC/SiC.
Properties and Capabilities of FRCMC
The 2 systems considered as primary candidates for near term application are continuous fiber-reinforced, chemical vapor infiltrated (CVI), SiC matrix materials. Continuous fiber-reinforcement allows for directional "tailoring" of properties to meet specific load requirements. The CVI process provides high purity matrices and has been shown to produce high toughness structures which offer "graceful" failure associated with fiber pull-out (Fig. 5) . Use of SiC continuous fibers as reinforcement (SiC/SiC) provides an environmentally stable composite; however, current, multifilament, textile grade SiC fibers (e.g., Nicalon(TM) fibers) (Nicalon is a trademark of Nippon Carbon) have 2 major limitations. Nicalon fibers lack the high strength of carbon fibers with the result that SiC/SiC composites are limited to relatively low stress applications. Also, the Nicalon fibers contain internal oxygen that causes rapid in situ degradation of the fibers at temperatures over 1200°C, even in inert environments. Improved SiC fibers are under development; but, in the near term, the carbon fiber reinforced composite (C/SiC) offers significant mechanical properties and operating temperature advantages making it the preferred FRCMC system for high stress, T/M applications (Table 6 ). Fiber architecture has considerable influence over composite properties. In practice, a variety of architectures can be achieved by weaving or braiding of the carbon fiber reinforcement. Polar weaving offers potential benefits for rotating components. The weave architecture can be adjusted to achieve a desirable balance of properties for a specific application. Fiber loadings can be varied in selected directions to "tailor" the composite to the operating requirements. Consequently, the properties shown in Table  6 for an aligned, balanced lay-up represent only one possibility.
Mechanical Properties
Benefits Assessment
Using C/SiC for the hot gas path components is anticipated to allow increases in turbine temperature from 870°C (typical for current rocket engines) to 1200°C or higher. The benefits of such an increase were evaluated with respect to gas generator cycle variants of the Space Transportation Main Engine (STME) and the Space Transportation Booster Engine (STBE) which have been considered for the National Launch System (NLS). The benefits assessment considered both LOX/LH2 and LOX/CH4 propellants. For both propellant combinations, substantial gains in efficiency (Isp) with resultant gains in payload (Fig. 6 ) were found to result from the increased turbine inlet temperature. This benefit could be further enhanced by reconfiguration of the system to maximize the total benefit. However, with current launch costs on the order of several thousand U.S.$/kg., the benefit shown would alone result in substantial savings. 
ENGINE CONFIGURATION
STATUS OF FRCMC DEVELOPMENT FOR ROCKET ENGINES
Design and Analysis Status
Design and analysis of FRCMC for structural applications is complicated by the nonlinear and anisotropic characteristics of the materials. Metallic structures have traditionally been treated as homogeneous and isotropic, although more recent work, especially with directionally solidified and single crystal alloys, has included anisotropic analyses.
Due to their emerging state of development, constitutive models are not available for FRCMC. A number of fiber architectures (e.g., rotated 2D and polar weave architectures) provide nominally isotropic in-plane properties, with the result that orthotropic analyses are acceptable for these architectures. In spite of the relative complexity of these nonlinear, anisotropic analyses, existing codes can be used for computerized analysis. Materials properties data needed to effectively implement the codes are often limited for FRCMC, but sufficient data are available for the preliminary analysis of the C/SiC system discussed herein. The design process for such a system follows the general approach shown in Fig. 7 .
Component Development
Using the approach described above, rocket engine subelements and components have been designed and fabricated. Turbine blade pair subelements characteristic of blades that would be included in a bladed disk (blisk) were fabricated from 2D C/SiC (Fig. 8) . These blade pairs incorporated critical fabrication features, such as leading and trailing edge radii and fillet radii, expected in a typical application. Evaluation, including nondestructive inspection, of the blade pairs indicated that the blades were of high quality. No delaminations were found in the FRCMC structure. Geometry of the blade shapes corresponded to application requirements. Fibers were aligned within 3° of the principal stress orientations. Edge quality was very good with no significant machining problems evidenced. Thermal shock tests were run by NASA-Lewis Research Center under simulated rocket engine conditions on these blades (Herbell and Eckel, 1991) . The blades were relatively unaffected by these tests with only minimal degradation observed after 50 thermal cycles to temperatures substantially above the intended use temperature of 1200°C.
Based on the successful results of the ongoing efforts described, full-scale component fabrication and testing is being pursued. The eventual goal of this work is to fabricate and test both the stator and rotor of an advanced high temperature T/P to demonstrate the capabilities of FRCMC. Initial ground tests are proposed using a watercooled manifold fabricated from conventional materials; however, eventual flightweight studies will require high temperature capability, uncooled manifolds and housings.
SUMMARY AND CONCLUSIONS
Use of FRCMC in advanced T/M provides a range of potential benefits, including:
(1) reduced weight (2) longer life and reduced maintenance (3) higher operating temperature and improved efficiency. Thus far, the benefits associated with higher operating temperature have been quantitatively assessed and show that the potential benefits are significant.
Based on this potential, FRCMC systems have been identified with properties suited to near term applications. Of the candidate materials systems, C/SiC has particularly attractive properties for use as hot gas path turbine components. Conceptual design studies have indicated the feasibility of applying C/SiC, and subelements were fabricated which verify selected fabrication features and key material properties. Inspection and subsequent tests of these subelements validated their capabilities.
Ongoing programs are continuing to develop FRCMC, specifically with the intent of fabricating full-scale FRCMC components for simulated rocket engine tests prior to actual T/P testing.
Initial T/P tests will be limited to ground tests using water cooled manifolds and housings. Flightweight T/P will also require high temperature capability materials for these components. Other areas requiring development have been identified and are being pursued. These include:
(1) improved FRCMC materials with long term resistance to the operating environment (2) improved modelling and analytical techniques for anisotropic, nonlinear materials, such as FRCMC (3) expanded data bases and constitutive models for selected FRCMC systems.
